Borrelia burgdorferi, the etiological agent of Lyme disease, infects humans via the bite of a tick. The microbe survives in at least two vastly different environments: an arthropod vector and a warm-blooded host. We examined protein synthesis in B. burgdorferi B31 in response to sudden heat stress, which is similar to that which occurs during the transmission from vector to host. Proteins synthesized after shifts from 28°C to higher temperatures and in pulse-chase experiments were labeled with 3H-labeled amino acids for 4 h and characterized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and fluorography. The synthesis of four proteins we designated as heat stress proteins (HSPs) was increased by shifts to higher temperatures (HSP-1, 75 kilodaltons [kDa]; HSP-2, 42 kDa; HSP-3, 39 kDa; and HSP-4, 27 kDa); and the amount of one protein we designated as heat-labile protein 1 (29.5 kDa) was decreased at higher temperatures. At 37 to 40°C, the major heat stress protein, HSP-1, represented 14 to 18% of the total cell protein compared with 1 to 2% of the total cell protein at 28°C. HSP-1 was stable during a 4-h chase at either 40 or 28°C. Demonstration of similar HSPs in low-passage, pathogenic strains of B. burgdorfeni suggests that the heat stress response may be common among B. burgdorfeni strains and may play a role in Lyme disease.
Borrelia burgdorferi, the causative agent of Lyme disease, induces a complex multisystem disorder in humans. The geographic distribution of B. burgdorferi and the incidence of Lyme disease is growing. In its natural life cycle, the spirochete must adapt to at least two major environments that are dramatically different: the various developmental stages of Ixodes ticks, which serve as the primary arthropod vector, and the mammalian host. The ability of B. burgdorferi to undergo structural changes, metabolic changes, or both in response to its varied environments may explain why many infected individuals fail to resolve their infections, leading to serious clinical manifestations. Among the myriad of differences between these two environments, and one which is known to modulate a number of characteristics in a wide variety of cells, is temperature. The dramatic increase in synthesis of a small number of highly conserved proteins by whole organisms or cultured cells in response to an elevation in temperature has been defined as the heat shock response (23, 29) . It is well established that heat shock genes and their regulatory sequences are highly conserved, and much is known about the structure of these genes and their products. The heat shock proteins which are best described include hsp70, hsp83 and a number of small heat shock proteins in the range of 16 to 30 kilodaltons (kDa) (for reviews, see references 6 and 17) .
Temperature-modulated protein synthesis and the influence of growth temperature on the expression of virulence factors have been studied in human pathogens. Production of the Kl capsular antigen (3) and adherence factors that mediate colonization by pathogenic Escherichia coli (7-9, 15, 21) and Salmonella typhimurium (14) , as well as expression of invasive virulence of pathogenic Shigella (20) , Listeria (25) , and Yersinia (13) species, depend on environmental temperature.
B. burgdorferi may undergo significant changes in vivo as a result of the sudden temperature shift during the mammalian infection. In this study we establish that significant (Fig. 2 and Table 2 ). After a 400C pulse-chase, the HSPs remained the same or increased as a percentage of total labeled protein compared with cells which were pulsed but not chased (Fig. 2) HSPs were present at much lower levels in cells that were pulsed at 28°C, but remained stable after chases at both high and low temperatures. In sharp contrast, HLP-1 was present at relatively low levels when B. burgdorferi was labeled at temperatures of 35°C and above. This protein disappeared from cells that were pulsed at 28°C during a 40°C chase period of 4 h, but the band did not diminish during an equivalent chase at 28°C (Fig. 2) .
Heat stress response in low-passage, pathogenic strains of B. burgdorferi. Low-passage, pathogenic strains of B. burgdor- feri (B31, HB19, and N40) synthesized [35S]methioninelabeled HSPs similar to the 3H amino acid-labeled proteins found in the high-passage strain (Fig. 3) . HSPs 1, 3, and 4 had electrophoretic mobilities identical to those obtained in the high-passage, nonpathogenic type strain; however, HSP-2 and HLP-1 were not evident (Fig. 3) . One HSP of approximately 36 kDa, designated HSP-5, which was not seen in the high-passage, nonpathogenic strain, was apparent in the three pathogenic strains that were examined (Fig. 3) . Synthesis of the HSPs in the low-passage, pathogenic strains was enhanced at the higher temperature, especially for HSP-1 in strains B31 and HB19 (Table 3) . Generally, the differences in the labeling patterns of the HSPs at 28 and 39°C were similar to those seen at the same two temperatures with the type strain. The synthesis of HSPs in isolate N40 from ticks was not affected dramatically by temperature. However, HSPs 4 and 5 were synthesized at much higher levels at 28°C in the low-passage, pathogenic strains than they were in the laboratory-adapted type strain. In the three pathogenic strains studied, synthesis of OspA, OspB, and common antigen was not affected by temperature (Table  3) . 2.5b 4.3 4.9 6.7 3.4
As determined by scanning laser densitometry of Fig. 3 . Abbreviations: OSP, outer surface protein; CA, common antigen.
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INFECT. IMMUN. (5, 22, (26) (27) (28) . The chronicity of the disease and the extended duration of the infection indicate that B. burgdorferi can avoid clearance mechanisms of the host immune system for considerable time periods. In fact, elements of the immune response, such as immune complexes, interleukin-1, and autoimmune components, may actually induce or accentuate pathogenicity (10, 12, 19) . Furthermore, thermoregulated proteins are important in the virulence of microbial pathogens, and similar heat shock proteins are involved in the immune response and may be crucial in combating such infections (4) .
In this study we examined the changes in B. burgdorferi protein synthesis that occur in response to a shift in temperature, from 28°C (similar to the temperature experienced by the spirochete in poikilothermic arthropod vectors) to 37 to 40°C (the temperature of homeothermic hosts). During shifts to higher temperatures, the synthesis of at least four major proteins increased, and the amount of at least one protein decreased. The lack of significant synthesis of these proteins above 40°C distinguishes them from true heat shock proteins, and they were designated HSPs. The major HSP, HSP-1, increased from approximately 1% of the total cell protein at 28°C to 12 to 18% during a 4-h labeling period at 38 to 40°C. In one-dimensional SDS-PAGE, HSP-1 appeared to be produced constitutively at low temperatures and was strongly induced at higher temperatures. Two-dimensional electrophoresis of labeled, heat-stressed B. burgdorferi will reveal if HSP-1 is truly constitutive or if the band designated HSP 1 comigrates with other proteins which are not heat inducible. Furthermore, isoforms of proteins in the heat shock protein hsp70 family have been described. If HSP-1 is composed of a family of isoforms, then it will be of interest to determine which isoforms are preferentially synthesized during heat stress.
Hansen et al. (11) established that the immunodominant 60-kDa antigen of B. burgdorferi is the common antigen, which cross-reacts with 58-to 65-kDa antigens from numerous bacteria. While the common antigen of Coxiella burnetii (30) and the E. coli GroEL common antigen are heat shock proteins (21, 24) , synthesis of the 60-kDa protein of B. burgdorferi increased only slightly at higher temperatures in the type strain, from 5.1% of the total protein detected at 28°C to 7.8% at 40°C (Fig. 1) , and was unchanged in the pathogenic strains (Fig. 3) 
